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Incorporation of isolated metal centers into well-organized nanostructures is a promising route in the
development of the next generation of chemical, magnetic and electronic devices. In this work, a
layer-by-layer protocol to grow highly ordered thin films of metal-decorated organic-inorganic cage-
like polyhedral oligomeric silsesquioxane (POSS) is introduced. The key strategy is to use metal ions
(Cu2+ or Fe3+) as linker for the amino-functionalized cage-like POSS, which are self-assembled between
arachidic acid layers during Langmuir–Schaefer deposition. The Langmuir–Schaefer films are examinedS, X-ray
; XANES,




208by X-ray photoelectron spectroscopy, X-ray diffraction, grazing incidence wide-angle X-ray scattering
and extended X-ray absorption fine structure in order to understand how the coordination of metal ions
influences the structure in the course of the layer-by-layer formation of the films.
 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Incorporating molecular building blocks with appropriate phys-
ical and chemical properties into a suitably prearranged host sys-
tem in order to construct well-ordered thin films continues to be
a major challenge in materials science and technology. This is espe-
cially true in the fields of electronics, catalysis and nanocompos-
ites, where the structure of the resulting material is of crucial
importance [1–4]. Particularly interesting building blocks in this
context are polyhedral oligosilsesquioxanes (POSS), which derive
from hydrolytic condensation reactions of organosilicon mono-
mers (RSiOH3) [4], and form three-dimensional (3D) cage-like
highly symmetric frameworks, where an organic group is cova-
lently attached to the Si-O-Si chain. Over the past two decades,
POSS provided a versatile platform for innovative research with
applications as diverse as aerospace [5], dentistry [6,7], protective
coatings [4], microelectronics [8], catalysis [3,9,10], energy storage
[11,12], environmental remediation [13,14], drug delivery [15,16]
and biomedicine [14,17].
Moreover, POSS can bind metal ions forming metal decorated
silsesquioxanes [3,13,18–20] that can serve as components of
hybrid materials suitable for catalytic applications such as natural
gas separation [21] or hydrogen catalysis [22]. In particular, amino-
functionalized POSS structures constitute high affinity binding
sites for metals, where the metal ions are bound in a single ligand
(monodentate) via the amino group, thus resulting in maximum
metal binding efficiency [3,23].
POSS hybrids are usually synthesized by conventional chemical
copolymerization, crosslinking, or physical blending [1]; alterna-
tively they can be used as cores for dendrimer synthesis [2]. Much
research focuses on the bulk synthesis of polymer nanocomposites
[23–26] and hybrid materials [23,27]. In contrast, there are few
reports using a thin film approach, such as the Langmuir-
Blodgett (LB) [28–33] or Langmuir Schaefer (LS) [30] methods.
POSS derivatives have been found to self-assemble as monolayers
at the air/water interface [34,35]. In fact, when hydrophilic hydro-
xyl groups are attached to the POSS cage, they can rest on the sub-
phase, while organic R groups are hydrophobic and orient them
away from the water surface. These amphiphilic properties of POSS
allow the formation of Langmuir films [30,36].
Synthetic methods such as Langmuir Blodgett (LB) and Lang-
muir Schaefer (LS) deposition permit to form complex structures
of desired thickness and architecture [37,38]. These methods also
overcome a major problem in the preparation of POSS hybrids,
which is the tendency of POSS to segregate and form aggregates
causing inhomogeneity during film formation [32]. Controlling
the structure through LB or LS deposition provides homogeneity
as well as better reproducibility of the hybrid systems and hence
warrants a better management of material properties [31,34].
Here we report on the assembly of metal-decorated (Cu2+ or
Fe3+) POSS between amphiphilic arachidic acid (AA) layers in order
to form highly ordered hybrid films. We have achieved this by
combining Langmuir-Schaefer (LS) deposition with self-assembly
from solution.
Our aim was to investigate the final structure of hybrid thin
films as well as to prove that by using metal ions with different
coordination [39–41], the architecture of the thin films can betailored. In particular, our hypothesis was that when using copper
or iron complexes in the synthesis of metal decorated silsesquiox-
anes, the metal coordination of the two complexes determines the
final structure of the films since it controls the bonds that can be
formed between the metal complex and the amino groups of POSS.
In the case of Cu-decorated POSS films, the trans square planar
arrangement of CuCl2 is governed by weak intermolecular Cu-Cl
interactions and only four ligands can be replaced during the for-
mation of copper-nitrogen bonds between copper-containing moi-
eties and the amino species of POSS [2,42]. This should result in
copper bound with four amine ligands of one POSS moiety or 4
amine ligands belonging to two POSS moieties oriented in parallel.
On the other hand, iron complexes usually exist in octahedral coor-
dination, or, in rare cases, in tetrahedral coordination [43]. Since
six nitrogen ligands are present during the formation of Fe com-
plexes [39–41], iron should bind to the nitrogen ligands of two
POSS moieties. Altering the concentration of metal ions could lead
to other results since the overall number of ligands of POSS that
could participate in bonding would be different and hence affect
the films structure especially in the case of iron but such a scenario
was not examined in the current study. In order to prove our
hypothesis, the metal decorated films were studied with different
characterization techniques, including X-ray Photoelectron Spec-
troscopy (XPS), X-ray Diffraction (XRD) measurements, Grazing
incidence Wide-angle X-ray scattering (GIWAXS) and Extended
X-Ray Absorption Fine Structure (EXAFS). The importance of intro-
ducing this method lies on the potential use of these films in appli-
cations where layers of different nature and properties are
required, such as in optics where the refractive index of the layers
governs their reflective properties [44] or in sensors where the sen-
sitivity changes of thin films are exploited for interaction with a
gas environment [45].2. Materials and preparation of films
Silicon wafers (Prime Wafer) served as substrates for the
AA-Metal POSS hybrid films. The surface of substrates was made
hydrophobic by self-assembly of octadecyltrichlorosilane (Sigma
Aldrich, purity 99%) prior to LS film deposition. LS films were pre-
pared on a Nima Technology thermostated 612D LB trough at a
temperature of 23 ± 0.5 C. Ultra-pure water with resistivity >18
MO cm was used to prepare the subphase. Arachidic acid (AA)
(Merck, purity  99%) was dissolved in chloroform (Merck,
purity  99%) to prepare a spreading solution of 0.2 mg/mL,
150 lL of which was deposited at the surface of the subphase
with the help of a microsyringe. After a waiting time of 15 min,
to allow for the solvent evaporation, the AA layer was com-
pressed at a rate of 25 cm min1 until the chosen stabilization
pressure of 25 mN m1 was reached. This pressure was main-
tained throughout the deposition process. Films were transferred
onto the hydrophobic substrate by horizontal dipping, with
downward and lifting speeds of 4 mm min1 and 2 mm min1,
respectively. Each time the substrate was lowered into the LB
trough, it was allowed to touch the air-water interface in a very
gentle dip of max 0.5 mm below the water level and then rinsed
several times by dipping into ultrapure water. Synthesis of metal
G. Potsi et al. / Journal of Colloid and Interface Science 572 (2020) 207–215 209POSS complexes was performed by controlled hydrolysis of
3-(2-aminoethylamino)-propyltrimethoxysilane (Sigma-Aldrich,
purity 98%) in an ethanol (Sigma-Aldrich,  99%)/d.d.water
(14:1 v/v) solvent mixture to give a solution of concentration
0.45 M. Next 30 mL of an aqueous 0.1 M FeCl2 (Merck,
purity  99%) or 0.1 M CuCl2 (Acros, purity  99%) solution
was reacted with 20 mL and 13.5 mL of the above solution
respectively upon stirring. The produced metal-POSS complexes
were used 24 h after their formation. The final surface was again
rinsed copiously with pure water and dried by blowing with N2.Scheme 1. (Color online) Fabrication of LS AA-metal (Cu2+ or Fe3+)-To deposit multilayer films, one simply repeats the whole cycle
as many times as needed (see Scheme 1).
3. Experimental techniques
X-Ray Photoelectron Spectroscopy (XPS) data were collected
using a Surface Science SSX-100 ESCA instruments with a
monochromatic Al Ka X-ray source (hm = 1486.6 eV) operating at
a base pressure of  5  1010 mbar. The energy resolution was
set to 1.26 eV and the electron take-off angle was 37 with respectPOSS films by Synthetic route 1 (a) and Synthetic route 2 (b).
210 G. Potsi et al. / Journal of Colloid and Interface Science 572 (2020) 207–215to the surface normal. The XPS spectra were analyzed using the
least-squares curve fitting programWinspec, developed at the LISE
laboratory, University of Namur, Belgium. Binding energies
deduced from curve fitting are reported to a precision of ±0.1 eV
and referenced to the C1s photoemission peak at 284.5 eV [46].
All measurements were carried out on freshly prepared samples,
3 different spots were measured on each sample to check for
homogeneity.
X-ray Diffraction (XRD) experiments were carried out on 20
layer-thick AA-Metal POSS hybrid films. The out of plane XRD data
for the hybrid films were collected under ambient conditions with
a Philips PANanalytical X’Pert MRD diffractometer. A Cu Ka
(k = 1.5418 Å) radiation source was used (operated at 40 kV,
40 mA); a 0.25 divergence slit and a 0.125 anti scattering slit
were employed. The 2h scans were performed from 0.6 to 15with
a 0.02 step and a counting time of 15 s per step.
Grazing-incidence Wide-angle X-ray scattering (GIWAXS)
experiments were performed at the Dutch-Belgian beamline
BM26B (DUBBLE) at the European Synchrotron Radiation Facility
(ESRF). The X-ray photon wavelength used was k = 0.1 nm. The
GIWAXS patterns were acquired using a Frelon2K CCD detector
placed 85 mm away from the sample. The beam center and the
sample-to-detector distance were determined using the diffraction
rings from a standard silver behenate powder sample. The multi-
layered samples were placed under an incident angle ai = 0.15
with respect to the incoming beam using a motorized Huber semi-
circular goniometer. The GIWAXS images are presented as a func-
tion of the quasi-vertical and horizontal scattering vector qz and qy,
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The GIWAXS images were corrected for the detector dark cur-
rent, flat field and air background scattering, before plotting them
and performing the intensity cuts. The vertical intensity cuts pre-
sented here were calculated at qy = 0 nm1 by averaging the inten-
sity of 4 adjacent columns of pixels.
X-ray Absorption Near Edge Spectroscopy (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS) spectra were
collected at BM26A, the Dutch-Belgian beamline (DUBBLE) at the
European Synchrotron Radiation Facility (ESRF) at the Fe K-edge
(7112 eV) and at the Cu K-edge (8979 eV), respectively. The energy
of the X-ray beam was tuned by a double-crystal monochromator
operating in fixed-exit mode using a Si(1 1 1) crystal pair. XANES
spectra were analysed based on XPS deconvolution and dominant
species of Fe3+ and Cu2+.The EXAFS spectra of the multilayered
samples were collected in fluorescence mode using a 9-element
Ge detector (Ortec Inc.). Reference spectra of the two metal foils,
copper and iron, (Sigma Aldrich) were measured in transmission
mode using Ar/He-filled ionization chambers at RT.
4. Results and discussion
Prior to the fabrication of the thin films examined in this study,
deposition experiments were performed to determine the ordering
and the potential structure of the metal-POSS films. In order to
achieve the best ordering, we followed two fabrication protocols
using the LS technique. One protocol introduced a self-assembly
step during the layer deposition and the other without such a step.
We compared the XRD results of the fabricated films. In both cases,
the substrate was first rendered hydrophobic as explained in the
section Methods of preparation/Experimental techniques. In Syn-thetic route 1 (Scheme 1a), after a Langmuir film was transferred
to the substrate, a layer of metal-decorated (Cu2+ or Fe3+)-POSS was
formed on the AA-covered substrate by self-assembly during
immersion (immersion time 2 min) in a solution of the metal-
decorated silsesquioxane (step 1), then two AA monolayers were
added by LS deposition (step 2, repeated twice). The synthesis con-
tinued by repeating steps 1 and 2 to build up a thicker film. In Syn-
thetic route 2 (Scheme 1b), after transferring the AA Langmuir film
to the substrate and depositing the (Cu2+ or Fe3+)-POSS by self-
assembly (step 1, immersion time 2 min) one AA monolayer is
deposited by LS deposition (step 2), and a third step was added
(step 3) consisting in the self-assembly of an extra layer of AA by
contacting the substrate with a AA bearing solution (immersion
time 2 min, AA in ethanol, concentration of 0.5 mg/mL). The film
was built up by repeating the sequence step 1 – step 2 – step 3.
Further details of the deposition, such as the transfer ratio at each
step and the surface pressure during the deposition, are reported in
the Supporting Information (Fig. S1).
From XRD results (Fig. 1) it is obvious that the fabrication route
that includes the AA self-assembly step leads to more ordered films
since their d001 diffraction peak is sharper than that of films where
the fabrication procedure comprised no self assembly step (Fig. 1).
This means that the AA molecules are better organized when the
second layer of the surfactant is formed by contacting the surface
of the AA bearing solution (Scheme 1b, Synthetic route 2, step
3). We therefore adopted Synthetic route 2 (Scheme 1b) as depo-
sition protocol for our study.
When comparing the Cu- and Fe-containing films, we found
that those synthesized using copper decorated silsesquioxanes
exhibit the d001 diffraction peak at 2.37 ± 0.02, which translates
to a 37.9 ± 0.3 Å spacing. For those synthesized using iron deco-
rated silsesquioxanes, the diffraction peak appears at much lower
angles (1.37 ± 0.02), implying a spacing of about 64.5 ± 0.9 Å
(Fig. 1). The length of AA monolayers can vary from 25 to 15 Å
depending on the tilt angle of the molecules in the film [47]. Differ-
ent orientation of AA molecules during the deposition process
could cause differences in spacing between layers. Though, the fact
that the concentration of AA was kept the same for both synthetic
routes, suggests that the AA bilayer is tilted in the same way in
both cases and that the 27 Å difference in spacing derives from a
different conformation of the metal decorated silsesquioxane layer
for different metals. In fact, Balomenou et al. [23] found that the
interlayer space of clays intercalated with silsesquioxanes
increased by 7.1 Å, which corresponds to the silsesquioxanes size
when their flexible side chains take a horizontal orientation.
Instead, Kataoka et al. [48], who also prepared layered organic-
inorganic hybrid materials with functionalized silsesquioxanes as
intercalant, showed that the space occupied when the side chains
take a vertical orientation, is 17–17.6 Å (Scheme 2). Accepting
these values as representing the dimensions of POSS, the XRD
results lead us to assume that when Cu-POSS is used, the copper
binds either with four amine ligands of one POSS or 4 amine
ligands belonging to two parallel POSS moieties. In the case of iron,
where metal coordination is octahedral, six ligands can be replaced
during the formation of the metal decorated silsesquioxane and
iron binds with the amine groups of two POSS moieties (Scheme 2).
Moreover, the increased spacing suggests that Fe-POSS moieties
position themselves in a stacked fashion during the deposition pro-
cess as sketched in the inset of Fig. 1, thereby increasing the inter-
layer spacing of the film.
In order to verify the successful insertion of metal POSS moi-
eties in our films, X-ray Photoelectron Spectroscopy (XPS) was
employed. Fig. 2a,b shows the XPS surveys spectra of fabricated
films following Synthetic route 2. The wide scan spectra show
the fingerprint of all the elements expected in AA-Metal-POSS
hybrid films: C, N, Si, Cu/Fe (annotated). Moreover, the high resolu-
Fig. 1. (Color online) XRD patterns of multilayers of (a) AA-Cu-POSS and (b) AA-Fe-POSS deposited following Synthetic routes 1 (red) and Synthetic route 2 (black); insets:
possible structure of LS films.
Scheme 2. (Color online) Top: Potential structures and metal bonding of the metal (Cu2+, Fe3+) decorated POSS depending on the metal coordination (planar for Cu,
tetrahedral or octahedral for Fe); Bottom: dimensions of POSS.
G. Potsi et al. / Journal of Colloid and Interface Science 572 (2020) 207–215 211tion spectra of the Fe2p and Cu2p (Fig. 2c,d) as well as the N1s
(Fig. 2e,f) core level regions confirm the presence and thus the suc-
cessful attachment of metal decorated POSS onto the AA molecules
during the formation of the thin films. In detail, in Fig. 2c the
deconvolution of Fe2p core level region shows two chemical states
for iron (Fe3+ and Fe2+) with Fe3+ being the dominant species
(82.2%). Similarly, in Fig. 2d, deconvolution of Cu2p reveals the
existence of Cu2+and Cu+ metal ions in a rate of 73.6% and 26.4%,
respectively. Additionally, N1s high resolution spectra (Fig. 2e,f)
reveal the formation of Metal-POSS bonds through NH/NH2 –and
Cu2+ or Fe3+ metal ions interactions [49] and the presence of a
small amount of protonated amines.
In order to elucidate the structural order of the hybrid films, 5
and 25 layer- thick films of AA-Cu-POSS and AA-Fe-POSS were fur-
ther analyzed by Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXS). The results are shown in Fig. 3. GIWAXS is a powerful
tool to investigate layered systems, such as supported smectic-A
crystalline polymer systems [50,51]. The GIWAXS patterns of AA-
Cu-POSS and AA-Fe-POSS films demonstrate the good orientational
order of these multilayered structures. As expected, the diffraction
signals of the interlayer spacing are strongly focused along the ver-tical qz direction, indicating the layers align in a parallel fashion
with respect to the substrate. Generally, the 5-layer samples show
better ordering as evident for the AA-Cu-POSS 5 layer sample,
where sharp spots indicative for the (partial) crystallization of
the AA aliphatic chains are observed. The Cu-containing films show
better order than the ones comprising Fe. While the 25-layer AA-
Cu-POSS film shows still good ordering, the 25-layer-AA-Fe-POSS
film exhibits an isotropic structure, which can suggest that the
way Fe is coordinated differs from that of Cu and indicates that
both the AA and POSS take different orientations during the forma-
tion of multilayers (see XANES results below).
The corresponding vertical intensity cuts along qz for the AA-
Cu-POSS and AA-Fe-POSS samples as shown in Fig. 4. In the left
panel, which refers to AA-Cu-POSS films, the first order diffraction
peak of the 5 layer-thick film is found at 1.81 ± 0.5 nm1 and that
for the 25 layer-thick film at 1.67 ± 0.5 nm1, corresponding to a
repeat unit spacing of 3.45 ± 0.5 nm (34.5 ± 5 Å) and 3.76 ± 0.5 n
m (37.6 ± 5 Å), respectively. The results are in good agreement with
the XRD results (~3.77 nm for a 20-layer film of AA-Cu-POSS). The
right panel of Fig. 4 presents the results for AA-Fe-POSS films. Here,
the first order diffraction peaks are not in the probed range, but the
Fig. 2. (Color online) Wide scan XPS spectra of (a) AA-Fe-POSS and (b) AA-Cu-POSS multilayers deposited following Synthetic route 2; detailed XPS spectra of the (c) Fe2p
and (d) Cu2p core level region for the same AA-Fe-POSS and AA-Cu-POSS films, detailed XPS spectra of the N1s core level region for AA-Fe-POSS (e) and AA-Cu-POSS (f) films.
212 G. Potsi et al. / Journal of Colloid and Interface Science 572 (2020) 207–215second order diffraction peaks at 1.65 nm1 and 1.85 nm1 are vis-
ible (marked with stars). The corresponding spacings are 7.60 ± 0.
5 nm (76.5 ± 5 Å) and 6.78 ± 0.5 nm (67.8 ± 5 Å) for the 5 and 25
layers, respectively. Also in this case there is good agreement with
the XRD results (~6.80 nm for 20-layer of AA-Fe-POSS). Interest-
ingly, the broadening of the interlayer peaks and the orientational
disorder for the AA-Fe-POSS samples is always higher than for the
Cu samples.
In order to study the coordination geometry of the metal cen-
ters decorating POSS, we conducted an X-ray absorption near edge
structure (XANES) investigation. Fig. 5 shows the XANES spectra
for the AA-metal-POSS multilayered structures with 25 layers. To
elucidate the local environment and the implications of the inser-
tion of the metals for the electronic structure, XANES simulations
were performed using the FDMNES program using the multiplescattering theory based on the muffin-tin approximation for the
potential shape [52].
The muffin-tin radii were tuned to have a 10% overlap between
the different spherical potentials. Octahedral, planar and tetrahe-
dral coordination geometries for both Cu and Fe cations were sim-
ulated, using a metal-N bond distance of 2.0 Å for all the three
structures. In Fig. 5, we report the simulations that best agree with
the experimental XANES data. The XANES simulations suggest that
the larger layer spacing and the lower degree of orientational order
of the multilayered AA-Fe-POSS structure are related to a differ-
ence in the metal coordination. Simulations point to a prevalently
planar geometry of the Cu metal centers, most probably coordinat-
ing only two amine ligands of one POSS moiety or two amine
ligands of two adjacent POSS moieties contained within the same
layer. Particularly indicative of the planar configuration, is the
Fig. 3. (Color online) The 2D GIWAXS patterns of AA-Cu-POSS (5 and 25 layers) and
AA-Fe-POSS (5 and 25 layers) samples.
G. Potsi et al. / Journal of Colloid and Interface Science 572 (2020) 207–215 213shoulder located at about 8988 eV. This Cu-POSS coordination
geometry leads to an ordered structure with parallel layers, where
the Cu-POSS complexes are sandwiched between the organic lay-
ers. On the contrary, simulations show a more complex situation
for the AA-Fe-POSS films. The main features of the Fe XANES spec-
trum agree well with an octahedral geometry, while the relative
intensities of the various spectral features are more in agreement
with a tetrahedral geometry. Thus, the AA-Fe-POSS filmmost prob-
ably contains iron atoms in both octahedral and tetrahedral geom-
etry. In both cases, the iron geometry is far from planar and the
iron metal centers coordinate more than two POSS molecules with
different orientation with respect to the organic layers, thus hin-
dering the formation of an ordered structure with parallel layers.Fig. 4. (Color online) GIWAXS vertical intensity cuts (qz scans) of 5 and 25 layers AA
Fig. 5. (Color online) XANES absorption spectra for 25 layer-thick AA-Cu-POSS and the
geometries that best approximate the experimental data.5. Conclusions
We successfully fabricated multilayer films of well-ordered
metal-decorated (Cu2+ and Fe+3) polyhedral oligomeric silsesquiox-
anes (POSS) and arachidic acid by using two modified Langmuir-
Schaefer deposition protocols. The main goal was to build up
homogeneous well-ordered films by exploiting metal ions coordi-
nation properties. Both protocols start with LS deposition of arachi-
dic acid followed by self-assembly of a metal-decorated (Cu2+ or
Fe3+)-POSS monolayer but differ in the arrangement of the next
arachidic acid layer on top of the POSS surface. XPS study con-
firmed the successful coordination of metals with the POSS as well
as the successful attachment of metal-POSS to AA molecules. Using
XRD, we showed that hybrid films deposited following the syn-
thetic route involving Langmuir Schaefer deposition alternated
with self-assembly steps lead to better ordered structures. In addi-
tion, XRD results suggested that the interlayer distance between
the layers differs because of the different metal coordination of
the Cu2+ and Fe3+ ions. GIWAXS and XANES measurements allowed
for further insight into the multilayer ordering and the metal coor-
dination in our hybrid AA-metal-POSS films corroborating the XPS
results. A four-fold planar coordination for the Cu-POSS and a com-
bination of tetrahedral and octahedral coordination for the Fe-
POSS were observed. This change in coordination is responsible
for the large difference in layer spacing and orientational order of
the Cu- and the Fe-containing hybrid multilayers. Overall, we show
that by employing LS deposition combined with self-assembly and
exploiting metal ion coordination properties, we are able to pro-
duce homogenous and reproducible hybrid systems with desirable
and tuned architecture. Further research could determine not only
the effect of coordination number of Fe and Cu ions on the geom-
etry of the films but also the effect that different concentration of
ions could cause regarding the orientation of the forming layers.
This key property is highly important in a number of applications
where thin films are used (e.g. electronics) and pave the way for
the development of a new class of hybrid systems where highly
ordered incorporation of building blocks such as POSS is crucial-Cu-POSS films (left panel) and 5 and 25 layers AA-Fe-POSS films (right panel).
AA-Fe-POSS films plotted together with the simulated XANES spectra for the metal
214 G. Potsi et al. / Journal of Colloid and Interface Science 572 (2020) 207–215[53,54]. Moreover, tuning the film geometry using different metal
ions can be a potential synthesis alternative for applications where
a diverse refractive index and layer thickness are required.6. Credit author statement
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